Chromatin immunoprecipitation with anti-acetyl histone H3 (K9 and K14) and anti-acetyl histone H4 (K5, K8, K12, and K16) antibodies shows that Lys-9 and͞or Lys-14 of histone H3, but not the relevant sites of histone H4 in nucleosomes at the repressed MFA2 promoter, are hyperacetylated after UV irradiation. This level of histone hyperacetylation diminishes gradually as repair proceeds. Accompanying this, chromatin in the promoter becomes more accessible to restriction enzymes after UV irradiation and returns to the pre-UV state gradually. UV-related histone hyperacetylation and chromatin remodeling in the MFA2 promoter depend on Gcn5p and partially on Swi2p, respectively. Deletion of GCN5, but not of SWI2, impairs repair of DNA damage in the MFA2 promoter. The post-UV histone modifications and chromatin remodeling at the repressed MFA2 promoter do not activate MFA2 transcriptionally, nor do they require damage recognition by Rad4p or Rad14p. Furthermore, we show that UV irradiation triggers genome-wide histone hyperacetylation at both histone H3 and H4. These experiments indicate that chromatin at a yeast repressed locus undergoes active change after UV radiation treatment and that failure to achieve histone H3 hyperacetylation impairs the repair of DNA damage.
ackaging DNA into chromatin constrains the genome into the cell nucleus and plays important roles in DNA metabolism. The dynamics of chromatin are finely regulated to control DNA function in response to various stimuli. During activation of gene expression the binding of transcriptional activators and coactivators to promoters results in perturbation of repressive chromatin in the promoter. These events facilitate access of subsequent incoming transcriptional factors to DNA. The changes in repressive chromatin often include chromatin remodeling by various complexes, e.g., SWI͞SNF, and acetylation of histones by histone acetyltransferases, e.g., Gcn5p (1, 2) .
The regulatory roles of histone acetylation and chromatin remodeling, although well documented, are largely confined to transcription initiation. Their roles in other events such as nucleotide excision repair (NER) that also operates on a chromatin template are only beginning to be explored. NER is a DNA repair pathway with Ͼ30 proteins involved in removing damage from naked DNA (3, 4) . Studies have shown that the overall repair of DNA damage by NER is less efficient in reconstituted nucleosomes than in naked DNA (5-7), giving an indication that nucleosomes on damaged DNA inhibit efficient NER. In vivo, early studies with human cells showed that increasing the histone acetylation level overall in chromatin by inhibiting histone deacetylase activities enhances repair synthesis during NER (8) (9) (10) (11) (12) . Chromatin rearrangement during repair synthesis in NER was also observed as newly repaired DNA in human fibroblasts is more sensitive to nuclease than bulk DNA in chromatin. The nascent repair patch lacks a canonical nucleosome DNase I footprinting, and this is significantly reduced in nucleosome core DNA. These features rapidly change to that of canonical nucleosomes (12, 13) . Therefore, it was proposed that chromatin rearrangement occurs during NER (12, 14, 15) . More recent studies on how chromatin structure impinges on NER revealed a modulation of repair by nucleosomes such that slower repair occurs in the ''internal protected region'' of the nucleosomes and faster repair occurs in the linker DNA (16, 17) .
Previously, we observed a role for the histone acetyltransferase Gcn5p in the NER of UV radiation-induced cyclobutane pyrimidine dimers (CPDs) in the transcriptionally active Saccharomyces cerevisiae MFA2 gene (18) . The deletion of GCN5 reduced the efficiency of CPD repair in MFA2 but much less so in RPB2, whereas no detectable defect was observed for repair of the genome overall. As a result, we reasoned that the Gcn5p-related changes in local chromatin structure around MFA2 modulate the functionality of NER. However, because MFA2 was transcriptionally active, we could not rule out changes related to transcription reinitiation from those for repair.
Here, we examined the repair of CPDs at the repressed MFA2 and investigated the status of histone acetylation and chromatin accessibility before and after UV irradiation. After UV irradiation, we found that without disturbing the repressed transcriptional status of MFA2, local chromatin undergoes histone H3 hyperacetylation and chromatin remodeling. These post-UV modifications in the repressive chromatin are independent of DNA damage recognition by Rad4p or Rad14p, yet the H3 hyperacetylation facilitates efficient damage removal. The data suggest that localized histone acetylation and chromatin remodeling occur to ensure efficient repair of DNA damage in repressive chromatin in vivo.
Materials and Methods
Yeast Strains. The yeast strains used were PSY316 (MAT␣ or a ade2-101 ura 3-52 leu 2-3,112 ⌬his 3-200 lys2 trp1) and PSY316 gcn5⌬␣ (as PSY316␣). RAD4, RAD14, and SWI2 deletion from PSY316␣ was achieved by replacing the corresponding genomic genes with URA3 markers. The hemagglutinin (HA)-tagged TATA box-binding protein (TBP) strain was provided by K. Struhl (19) (W303-1A, MATa ade2-1 trp1-1 leu 2-3 his 3-11,15 ura 3-3) . The corresponding ␣ strain was obtained by matingtype switch. Yeast strains were grown in yeast complete medium (yeast extract͞peptone͞dextrose).
Nucleotide Excision Repair. UV radiation treatment of cells, DNA and RNA isolation, Northern blotting, detection of CPDs at nucleotide resolution, and quantitative analysis of repair were performed as described in refs. 18 and 20.
Chromatin Immunoprecipitation (ChIP). ChIP was undertaken as described in ref. 21 . Formaldehyde cross-linking was carried out at room temperature for 15 min. The cell lysate was sonicated to yield fragmented DNA of 400-1,000 bp in length. A sheared chromatin solution from 6 ϫ 10 7 cells was precipitated in a total volume of 1 ml with 5 l of anti-acetyl histone H3 (at K9 and K14; Upstate Biotechnology), 5 l of anti-acetyl histone H4 (at K5, K8, K12, and K16; Upstate Biotechnology), and 25 l of anti-HA (Santa Cruz Biotechnology) antibodies. The immunoprecipitation of TBP-DNA with anti-HA was performed as described in ref. 19 . Appropriate amounts of pUC18 (New England Biolabs) were added to the eluted materials and the inputs before DNA extraction to serve as an external control for the following PCR and quantification.
Quantitative PCR. Quantitative PCR was performed in real time by using iQ SYBR Green Supermix (Bio-Rad) and appropriately diluted DNA in the Bio-Rad iCycler. PCR was performed in triplicate for each sample, and melting curves were executed to ensure single PCR products. PCR of pUC18 was performed by using primers from New England Biolabs (nos. S1233s and S1224s). The amplification efficiency of each primer set on damaged DNA templates was adjusted as PCR was carried out on both input and immunoprecipitated DNA. The primer sequences were, for nucleosome Ϫ2, forward 5Ј-CGTTTATGG-TATAAATTAGAAAAGTTAAAGC-3Ј and reverse 5Ј-GGCGTCCTATGCATGCACTTAA-3Ј, and for nucleosome Ϫ1, forward 5Ј-TGCATGTCAGAGGA A A A AGA ACA-AAG-3Ј and reverse 5Ј-CGGATGAACGACAGAAGAA-GTGG-3Ј. To detect the TBP occupancy, the above primer set for nucleosome Ϫ1 was used, which gives a PCR product covering the MFA2 TATA box.
The centromere sequence (CEN14) was used as an internal control for ChIP. The primers were as follows: forward 5Ј-GGT TCTAGT TAGTCACGTGCAG-3Ј and reverse 5Ј-CGTTATTTTACTTTTCGGAAGACA-3Ј.
The primers used to amplify the INO1 promoter were as follows: forward 5Ј-TCTTCATCCTTCTTTCCCAG-3Ј and reverse 5Ј-AGGTGACGAAAGCTCCAATT-3Ј.
Histone Purification and Western Blotting. Total histones were purified as described in ref. 22 . Acetylated histones were obtained from log-phase cells after further growing in yeast extract͞peptone͞dextrose supplemented with 20 mM of sodium butyrate for 4 h. Protein electrophoresis on 15% polyacrylamide-SDS gel and Western blotting were performed according to the standard procedure.
Chromatin Accessibility Assay. Chromatin was prepared as described in ref. 23 . After being gently washed once with corresponding restriction enzyme reaction buffer, chromatin from 4 ϫ 10 8 cells was incubated with 300 units of RsaI (or BsaAI) for 2 h at 37°C. Purified DNA from the digest was subjected to a secondary digest by HaeIII and then resolved on 2% agarose gels. Probing of the DNA fragment of interest was performed as described in ref. 23 .
Results

Gcn5p Is Required for Efficient NER of UV-Induced CPDs in the
Repressed MFA2 Promoter. After our previous studies on the transcriptionally active MFA2 gene (18), we investigated the repair of UV-induced CPDs in the MFA2 promoter (HaeIII restriction fragment, Ϫ516 to ϩ83) in wild-type and gcn5⌬ ␣ cells where MFA2 is repressed and associated with positioned nucleosomes (23) , enabling us to examine the involvement of Gcn5p in NER in the absence of transcription. Fig. 1A depicts typical gels examining NER at nucleotide resolution after 150 J͞m 2 UV irradiation. The quantitative results are reported as the time needed to remove 50% of the initial CPDs (T 50% ) at each site (Fig. 1B) . The results show that the rates of CPD repair in this fragment were heterogeneous both in wild-type and the gcn5⌬ mutant cells. However, repair did not follow an easily distinguishable nucleosome-orientated profile of ''faster toward the linker and slower in the central nucleosomal DNA'' as described in some cases (16, 17) . This finding is consistent with our previous studies on MFA2 (18, 20) . Deletion of GCN5 resulted in a slower repair at almost all of the CPD sites, irrespective of their location (Fig. 1B) . We summed the total damage signal in each lane and calculated the T 50% of the total CPDs. The T 50% of all CPDs in the HaeIII fragment for the strand that becomes transcribed in a mating type cells (referred to hereafter as the transcribed strand) was 2.7 Ϯ 0.2 h in wild-type and 3.7 Ϯ 0.2 h in the gcn5⌬ mutant, and that for the other strand (termed Promoter. We previously demonstrated that deletion of GCN5 does not impair the total cellular capability of NER (18) . Gcn5p has been documented to possess a histone acetyltransferase activity with specificity on the Lys residues of histone tails (24, 25) . Therefore, we monitored histone acetylation levels at the two nucleosomes in the repressed MFA2 promoter before and after UV irradiation (150 J͞m 2 ) by ChIP with antibodies against acetylated histone H3 (at K9 and K14) and H4 (at K5, K8, K12, and K16). The histone acetylation at the active MFA2 promoter (in wild-type a cells) without UV radiation treatment was determined to indicate a state of histone hyperacetylation. We also examined the histone acetylation level (histones H3 and H4) in the centromere sequence, CEN14. The CEN14 sequence is packed in a compact chromatin structure termed the kinetochore, where UV-induced DNA damage is heavily resistant to NER (26) . The histone acetylation level at CEN14 was constant before and after UV irradiation and served as an internal control for the examination of the histone acetylation level at MFA2.
The repressed MFA2 exhibited hypoacetylation of histone H3 and H4 (nominally set as 1-fold), and the active MFA2 had a hyperacetylation of histone H3 (4.9 Ϯ 0.9-fold) but a basal acetylation of histone H4 (1.4 Ϯ 0.3-fold) at its promoter ( Fig.  2 A and B) . Immediately after UV irradiation (repair time of 0 h), neither the acetylation level on histone H3 nor that on histone H4 at the repressed MFA2 promoter showed any change. Whether Gcn5p was present did not affect the level of histone H3 and H4 acetylation at this stage. During the post-UV period, we observed a rapid increase of histone H3 acetylation starting at 10 min (5.1 Ϯ 1.0-fold) and reaching its peak level (9.9 Ϯ 0.4-fold) at 30 min in wild-type cells. As repair proceeds, the level of histone H3 acetylation decreased gradually to 8.6 Ϯ 0.7-fold at 1 h, 6.9 Ϯ 1.3-fold at 2 h, and 5.1 Ϯ 0.7-fold at 3 h. This UV-stimulated histone H3 acetylation is primarily Gcn5p-dependent, because in the gcn5⌬ mutant histone H3 acetylation was only stimulated to 2.4 Ϯ 0.4-fold maximally 30 min after UV irradiation (Fig. 2 A) . We did not observe the same increase after UV irradiation for histone H4 acetylation (Fig. 2B) , and there was no difference in this response between wild type and the gcn5⌬ mutant. This result is not due to the antibody's inability to detect an increase in H4 acetylation by ChIP, because the signal increases as reported (27) at the INO1 promoter when the histone deacetylase gene RPD3 is deleted (data not shown).
UV-stimulated histone H3 hyperacetylation in the repressed MFA2 promoter depended on the dose of UV radiation (Fig.  2C) . Thirty minutes after a lower UV radiation dose of 75 J͞m 2 , the acetylation of histone H3 in the MFA2 promoter was only stimulated to a level of 3.8 Ϯ 0.3-fold of the pre-UV level and dropped gradually to 1.7 Ϯ 0.4-fold after 3 h. UV radiation treatment also stimulated genome-wide histone hyperacetylation. Western blotting of purified histones (Fig. 2D) showed that both histone H3 and H4 are hyperacetylated after UV irradiation (150 J͞m 2 ), and the acetylation returns to the pre-UV level gradually after UV radiation. This finding indicates that UV radiation also stimulates histone hyperacetylation at other loci in the genome. Deletion of GCN5 did not influence the UV- stimulated genome-wide histone hyperacetylation significantly (Fig. 2D) . This finding suggests Gcn5p is only responsible for the histone hyperacetylation in some domains (e.g., MFA2) in response to UV irradiation, similar to its pattern in transcription activation (28) . A role for Gcn5p in the transcription of an obscure NER factor is unlikely because repair is not reduced in the genome overall, or at RBP2 (18) , despite a modest UVinduced increase in histone acetylation that is not Gcn5p-dependent at this latter gene (data not shown).
Chromatin at the MFA2 Promoter Becomes More Accessible to Restriction Enzymes After UV. A molecular link has been reported between chromatin remodeling and histone acetylation during gene activation (29, 30) . Thus, we examined whether the chromatin in the repressed MFA2 promoter also undergoes remodeling after UV irradiation. We assessed the accessibility in chromatin of a restriction site (RsaI, Ϫ337 relative to the start codon of MFA2) in the nucleosome core DNA at the MFA2 promoter. Before UV irradiation when nucleosomes are positioned (23), the RsaI recognition site was masked and only Ϸ10% of the total chromatin was cut by RsaI (Fig. 3A, lane U) . This site does not become more accessible immediately after 150 J͞m 2 UV irradiation (Fig. 3A, lane 0) . However, the accessibility of this site to RsaI increased gradually to Ϸ40% by 2 h post-UV (Fig. 3A, lane 2) . This level then dropped toward the pre-UV level (Fig. 3A, lane 3) . Deletion of GCN5 had little effect on the increase of DNA accessibility in chromatin after UV irradiation (Fig. 3A) . Because the fraction of cells bearing CPDs in the region around the RsaI site is limited after a UV radiation dose of 150 J͞m 2 , we applied a higher UV radiation dose of 400 J͞m 2 and then examined the accessibility of the same site in chromatin. The result (Fig. 3B) shows the same trends, but the extent of accessibility increased compared with after 150 J͞m 2 UV irradiation. The DNA in chromatin became most accessible 2.5 h after UV irradiation in both wild-type and gcn5⌬ cells, with 65% of the chromatin being cut by RsaI before returning to the pre-UV state. Fig. 3B also shows that Swi2p contributed to the increase of DNA accessibility in chromatin in the MFA2 promoter after UV irradiation. The swi2⌬ mutant had 30% of the DNA in chromatin cut by RsaI, and this level remained unchanged up to 6 h after UV irradiation. However, the swi2⌬ mutant is not more UV-radiation-sensitive than wild type (data not shown), and deletion of SWI2 does not affect the repair of CPDs in the MFA2 promoter significantly. After 150 J͞m 2 UV irradiation, the T 50% of all CPDs in the HaeIII fragment in the swi2⌬ mutant was on average 2.6 Ϯ 0.2 for the transcribed strand and 3.2 Ϯ 0.3 for the nontranscribed strand, with no discernable differences at specific CPDs within the fragment (gel images not shown). This repair rate is similar to that in wild type (see above). Nevertheless, we cannot exclude a role for Swi2p in NER at MFA2 because we have not dramatically reduced chromatin accessibility in the swi2⌬ mutant, so SWI͞SNF factors may yet be linked to NER at this locus.
We also tested the accessibility of another site (BsaAI) in nucleosome Ϫ1 after UV irradiation (400 J͞m 2 ) in wild-type cells. The result indicated this site also became more accessible after UV irradiation and returned toward the pre-UV level during repair (data not shown).
Post-UV Chromatin Modifications in the Repressed MFA2 Promoter Do
Not Trigger Transcriptional Activation of MFA2. Alteration of chromatin around the promoters of many genes is generally accompanied with changes of their transcriptional activity. To test whether the post-UV chromatin modifications (histone H3 hyperacetylation and chromatin remodeling) in the repressive MFA2 promoter are associated with the activation of MFA2 transcription, we monitored MFA2 mRNA before and after UV irradiation. No increase occurred after UV irradiation as shown by Northern blotting (Fig. 4A) . We also examined the occupancy of TBP at this promoter before and after UV irradiation. MFA2's transcription requires TBP as evidenced by its 20-fold increase in binding when the gene is active (Fig. 4B) . Furthermore, mutation in the MFA2 TATA box abolished TBP binding and 98% of detectable transcription (data not shown). The results (Fig. 4B) indicate that the occupancy of TBP at the repressed MFA2 promoter remained unchanged up to 2 h after 150 J͞m 2 UV irradiation. This finding indicates that although the MFA2 promoter is modified so that its chromatin becomes more accessible to restriction after UV irradiation, these changes do not promote the recruitment of TBP to initiate transcription.
UV-Stimulated Chromatin Modifications Are Independent of Rad4p or
Rad14p. Next, we questioned whether these post-UV chromatin modifications occur in the repressed MFA2 promoter before the recognition of damage for NER or whether they happen only in steps during NER. Rad4p and Rad14p are proposed to be involved in the early damage recognition steps during NER (31, 32) . Fig. 5 shows that in the NER-defective rad4⌬ and rad14⌬ mutants, histone H3 was still hyperacetylated, and after UV irradiation the RsaI site in chromatin also became more accessible. The extent of both is lower than that in wild-type cells: Histone H3 acetylation was stimulated to Ϸ6-fold of the pre-UV level, and Ϸ50% of the DNA in chromatin was cut by RsaI maximally in these mutants, whereas in wild type these levels are Ϸ10-fold and 65%, respectively. Nevertheless, extensive levels of both events are induced by UV irradiation in these NERdeficient cells. Neither the rad4⌬ nor the rad14⌬ exhibited any reductions in the histone H3 acetylation level and the accessibility of the RsaI site during post-UV time. This finding indicates that the post-UV chromatin modifications in the repressed MFA2 promoter do not occur solely when Rad4p or Rad14p is recruited for NER. However, the restoration of chromatin to its pre-UV state requires these proteins.
Discussion
Efficient repair of DNA damage is vital for maintaining the integrity of the genome (33) . The NER mechanism on naked DNA has been well elucidated (3, 4) . However, the packaging of DNA into chromatin in eukaryotic cells provides a considerably different template for NER. Central to this is the question of whether NER can operate on nucleosomal DNA efficiently without modifying and͞or disrupting this closely contacted histone DNA complex. In vitro studies indicated that NER is slow or nonexistent on the nucleosomal surface (34, 35) . However, numerous in vivo studies have observed repair of different forms of DNA damage by NER in transcriptionally inactive loci where chromatin generally maintains a repressive state (20, 36) . This apparent discrepancy between the efficient repair of DNA damage in repressive chromatin and the physical barrier of repressive chromatin itself leads to a model of ''unfoldingaccess-refolding'' during NER (12, (14) (15) . Our studies here provide evidence supporting this. The modifications in repressive chromatin after UV irradiation include both histone hyperacetylation and the DNA in chromatin becoming more accessible. Failure to achieve the former considerably reduced the efficiency of CPD repair within MFA2 chromatin. However, a 50% reduction in restriction access in the swi2⌬ strain did not reduce NER significantly. The remodeling events examined at MFA2 do not require Rad4p or Rad14p, considered to be involved in the early steps in NER on naked DNA, and which are essential for NER.
The actual state of histone acetylation at a specific locus is a balanced result of histone acetylation and deacetylation. Upon removal of repressors, reversal of associated deacetylation to a basal status of histone acetylation occurs at 5-8 min and finishes by 12-15 min (37) . An elevated histone H3 acetylation level is observed 10 min after UV irradiation at the MFA2 promoter, and its peak is observed at 30 min. Comparing this with the repair of CPDs in this region, it is evident that histone H3 hyperacetylation is switched on soon after UV irradiation. During the transcriptional activation of genes, the Gcn5-mediated histone acetylation and SWI͞SNF-mediated chromatin remodeling have been found to be linked (29, 30) . Our data indicate that both processes occur at the repressive MFA2 promoter in response to UV irradiation, and histone H3 hyperacetylation happens before chromatin remodeling (Figs. 2 and 3) . However, deletion of GCN5 only affects post-UV histone H3 hyperacetylation but has little effect on the accessibility of chromatin in the MFA2 promoter after UV irradiation (Fig. 3 A and B) . This finding suggests either that the mechanistic link of these two events under gene activation may not likewise exist in the cellular response after UV irradiation or that other forms of modifications at histone tails may compensate for the loss of Gcn5p-related histone H3 acetylation to anchor and stabilize chromatin remodeling complexes for their possible roles in NER.
Our data also indicate that the post-UV chromatin modifications in the MFA2 promoter relate to the frequency of local DNA damage. First, despite the fact that all cells receive UV radiation at the doses used, both histone H3 acetylation and the DNA accessibility in chromatin in the MFA2 promoter depend on the dose of UV radiation (Fig. 3 B and C) . Second, after the post-UV increase in histone acetylation and chromatin accessibility, their tendency to return to the pre-UV states correlates well with the repair progress. This occurs at times when much of the genome still contains damage. Rubbi and Milner (38) reported UV- stimulated H3 acetylation in human cells at the level of the whole genome, and they proposed that it is global and is needed for all GGR, whereas here we examined local events and identified a specific acetyltransferase with a role limited to part of the genome.
The exact roles of the post-UV chromatin modifications remain to be elucidated. First, Gcn5p-mediated H3 hyperacetylation is not absolutely required for NER because the repair of CPDs still occurs, albeit at a slower rate, at the MFA2 promoter in the gcn5⌬ mutant. However, there is some increase in histone H3 acetylation after UV irradiation in this mutant. Studies employing multiple histone acetyltransferase mutants may indicate whether histone H3 hyperacetylation itself is necessary for NER. Second, these modifications are unlikely to simply overcome the physical barrier of chromatin because deletion of GCN5 does not affect the extent and speed of chromatin becoming accessible to restriction, yet it affects the efficiency of NER. It is possible that the Gcn5p-mediated histone acetylation operates at a different level compared with SWI͞SNF-related chromatin-remodeling events. Third, with chromatin being modified extensively at the MFA2 promoter, one transcriptional factor (TBP) is still excluded from this site. This indicates that modified histones might either be forming an epigenetic code as proposed during gene regulation (39) or are part of a signaling pathway between proteins (40), both of which might be specific for NER. Finally, the role of Swi2p and its associated chromatinremodeling function in NER is still not clear. In vitro studies showed that SWI͞SNF is able to shift nucleosome away from UV-damaged DNA and that SWI͞SNF stimulates CPD removal by UV photolyase (41) . However, it was reported to only stimulate the NER of certain forms of DNA damage, i.e., 6-4 photoproduct, but not CPDs (42) . Here, we demonstrated that Swi2p contributes to the chromatin remodeling at the MFA2 promoter after UV irradiation, but the swi2⌬ mutant, unlike gcn5⌬, is not sensitive to UV irradiation, and it repairs CPDs at the MFA2 promoter as efficiently as wild type. It is possible that efficient NER of CPDs can still occur because chromatin accessibility at MFA2 in the swi2⌬ strain is only reduced to Ϸ50% of wild type. Studies as to whether other SWI͞SNF factors also contribute to the NER at MFA2 are required, and it is possible that multiple mutations may be needed to reduce NER activity.
Recent evidence indicates that histone modifications and chromatin remodeling occur in other DNA repair events. Phosphorylation of histone H2A (43) and hyperacetylation of histone H4 (44) occur during repair of DNA double-strand breaks. Our studies indicate that repressive chromatin undergoes modifications after UV irradiation, and the chromatin-modifying factors identified are known to also be involved in transcription. A leading question therefore remains: How do cells link individual processes (e.g., transcription and various DNA repair pathways) to chromatin modification and remodeling via specific channels so as to ensure the necessity of one biological function as required without interfering with the others?
